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2017.—Tissue-, sex-, and age-specific epigenetic modifications such
as DNA methylation are largely unknown. Changes in DNA methyl-
ation of the glucocorticoid receptor gene (NR3CI) and imprinting
control region (ICR) of /IGF2 and HI9 genes during the lifespan are
particularly interesting since these genes are susceptible to epigenetic
modifications by prenatal stress or malnutrition. They are important
regulators of development and aging. Methylation changes of NR3C1
affect glucocorticoid receptor expression, which is associated with
stress sensitivity and stress-related diseases predominantly occurring
during aging. Methylation changes of /IGF2/H19 affect growth trajec-
tory and nutrient use with risk of metabolic syndrome. Using a
locus-specific approach, we characterized DNA methylation patterns
of different Nr3cI promoters and Igf2/H19 ICR in seven tissues of rats
at 3, 9, and 24 mo of age. We found a complex pattern of locus-,
tissue-, sex-, and age-specific DNA methylation. Tissue-specific
methylation was most prominent at the shores of the Nr3cl CpG
island (CGI). Sex-specific differences in methylation peaked at 9 mo.
During aging, Nr3cl predominantly displayed hypomethylation
mainly in females and at shores, whereas hypermethylation occurred
within the CGI. Igf2/H19 ICR exhibited age-related hypomethylation
occurring mainly in males. Methylation patterns of Nr3c/ in the skin
correlated with those in the cortex, hippocampus, and hypothalamus.
Skin may serve as proxy for methylation changes in central parts of
the hypothalamic-pituitary-adrenal axis and hence for vulnerability to
stress- and age-associated diseases. Thus, we provide in-depth insight
into the complex DNA methylation changes of rat Nr3cl and Igf2/
H19 during aging that are tissue and sex specific.

epigenetics; DNA methylation; aging

THE EPIGENETIC STATE of a cell is crucial for the variability of cell
function during the entire lifespan (38, 45). DNA methylation
in mammals, primarily occurring as 5-methyl C in a CpG
dinucleotide context, is one of the basic epigenetic mechanisms
(27). CpGs are concentrated in CpG islands (CGIs) enriched at
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gene promoters. CGIs are hypomethylated in an otherwise
CpG-sparse and usually highly methylated genome. The 2 kb
of sequence flanking a CGI are defined as “shores” (16, 66).
Gene promoters mostly display tissue-specific methylation at
their CGI shores (24). Moreover, locus-, tissue-, and sex-
specific methylation of genes is known to affect gene transcrip-
tion (34, 36, 43).

DNA methylation has been described as a well-known
hallmark of aging (38). It is known in humans that genome-
wide DNA methylation decreases during aging (22), although
CpGs located within CGIs become hypermethylated (26). In
rats, methyl C content decreases in the brain, heart, skeletal
muscle, and liver within 6 mo after birth (23) while, similar to
humans, hypermethylation of CGIs is observed at an older age
(19). These data imply that for genes having a control function
for aging processes such as NR3CI coding for the glucocorti-
coid receptor (13, 18) and the IGF2/HI9 imprinting control
region (ICR) (17, 18, 35, 41, 55), detailed characterization of
DNA methylation patterns over lifetime is highly desirable.

NR3CI codes for a ubiquitously expressed receptor that
regulates genes involved in stress response, development, me-
tabolism, and immune activity (28, 48, 53, 56, 59, 62). There
is evidence that exposure to glucocorticoids in early life can
program the function of the hypothalamic-pituitary-adrenal
(HPA) axis by epigenetic mechanisms, which in turn has
profound effects on functioning and aging of tissues (9, 29, 57,
64). However, studies on NR3CI methylation pattern during
aging are scanty. Decreased methylation was seen at one
analyzed CpG site of the NR3CI promoter region in whole
blood buffy coats of men during aging (40). Notably, NR3CI
is a gene with multiple promoters (44, 61, 62) and DNA
methylation along these promoters in different tissues during
aging is unknown.

Differentially methylated sequence of the ICR regulates the
monoallelic expression of /IGF2 and H19 from opposite paren-
tal alleles (60). In the maternal allele, the ICR is unmethylated,
while the paternal allele is methylated. Both genes encode
molecules controlling fetal growth (4, 14). The Igf2/H19 locus
is an important regulator of embryonic development, prolifer-
ation of adult pluripotent stem cells, longevity and cancero-
genesis (55). Alterations in IGF2/HI19 ICR imprinting are
associated with tumors and developmental disorders (31). Dur-
ing aging, loss of imprinting occurs in the mouse and human
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Fig. 1. Promoter structure of rat Nr3c/. The location of the alternative first exons (11, 14, 1s, 1, 17, Is, lo, 110, 111; Table 1), the second exon (containing the
translation start site) and the analyzed amplicons (Nr—29/—01/—00/+01/+02) are shown. Green bar: CpG island (CGI). Drawings are not to scale. Exon 1 and
exons l4_1; were annotated with GenBank accession BY 121883 and AJ271870, respectively. Exon nomenclature is according to McCormick et al. (44).

prostate associated with increased Igf2/IGF2 expression (17).
In brain, however, Igf2 mRNA was shown to decline with
aging (30).

We carefully chose the NR3C1 and Igf2/H19 loci as they are
prime targets in research on prenatal programming and their
methylation changes may explain associations between early
environmental influences such as nutrition and stress and the
trajectory of brain development and aging (6). To serve as a
base for future studies that focus on epigenetically mediated
perturbations of development and aging, we set out to analyze
Nr3cl and Igf2/HI9 ICR methylation changes during the rat
lifespan of rats (Rattus norvegicus). To determine methylation
at single-nucleotide resolution, genomic DNA was treated with
bisulfite (BS), amplified, and deeply sequenced (BS Amplicon-
seq) for reliable quantification. To study the methylation pat-
tern in the different areas of the Nr3cl promoter, we analyzed
amplicons at both its proximal (within and at the shores of the
CGI) and distal promoter regions. By analyzing six amplicons,
seven tissues and three age points, we identified locus-, age-,
tissue-, and sex-related changes of Nr3cl and Igf2/HI19 meth-
ylation. The NR3C1I promoter structure and the /IGF2/HI19 ICR
are highly conserved between humans and rats (5, 62). The
studied ages of 3, 9, and 24 mo represent adolescence, adult-
hood, and old age in rats correspond to ~9, 27, and 72 yr in
humans (58).

MATERIALS AND METHODS
Animals

All animal procedures were approved by the Animal Welfare
Committee of Thuringia, license no. 02-034/12. Wistar rats were
obtained from Harlan (Eystrup, Germany) and allowed to acclimate in
the animal facility, Institute of Laboratory Animal Science and Wel-
fare at the Jena University Hospital, Jena, Germany, for 8 wk.
Animals were maintained in 12 h light cycled room with temperatures
between 21 and 27°C and fed with a standard laboratory diet (ssniff,
Soest, Germany) and normal drinking water ad libitum. Mating was
done pairwise for 24 h at 12 wk of age. Pregnant females were housed
and delivered separately. Weaning was done after 23 days, and pups
of the same sex were housed together. Litters were culled to a
maximum of 10 to ensure standardized nutrition and maternal care of
the offspring. We have used offspring of 2—4 litters and 1-5 litter-
mates per age group and sex. Offspring were euthanized at age 3, 9,
and 24 mo (eight females and eight males per time point), and seven
tissues (Cor, cortex; Hip, hippocampus; Hyp, hypothalamus; Pit,
pituitary; Adr, adrenal cortex; Ski, skin; Liv, liver) were sampled.
Euthanasia was done by decapitation of rats under deep isoflurane
anesthesia. The animals were decapitated when they did not respond
to the foot pinch pain test and breathing had ceased. Tissues were
shock-frozen in liquid nitrogen and stored at —80°C until DNA
isolation. Preparation time was under 5 min. For Pit we used the entire
gland and not dissected anterior and posterior parts.
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DNA Isolation and Sodium BS Treatment

Generally, 25 mg tissue was homogenized using the Qiagen tissue
lyzer at a frequency of 30 Hz for 3 min. DNA isolation was done using
the DNeasy Blood & Tissue Kit (Qiagen) and stored at —20°C; ~200
ng DNA was subjected to sodium BS treatment using the Methylation
Gold Kit (Zymo Research). PCR was performed immediately after BS
treatment.

BS-specific PCR

Five amplicons were selected from the rat Nr3c/ promoter regions
(Fig. 1, Table 1) and one amplicon within the rat /gf2/HI19 ICR.
Primers were designed using MethPrimer (33). For reasons of better
quality of PCR products and handling, the identity of the six PCR
amplicons from each of the seven tissues, mostly nested/seminested
PCR was performed. The first PCR was performed with the same pairs
of amplicon-specific BS primers in all tissues. Cycling was done using
the Bioline PCR mix (BIOLINE) in 25 pl reaction vol. at 94°C for 1
min, 29 cycles at 57°C for 30 s, 72°C for 1 min, 94°C for 30 s, and
a final elongation step at 72°C for 5 min; 1:100 dilution of the
products was done, and 1 pl of the dilution was used for a second
PCR. The second PCR was then performed using tissue-specifically
tagged primers (tag: 3 nucleotides at 5'-ends; Table 2). Cycling
conditions were the same as in the first PCR except that the number
of cycles was reduced to 25. The products were visualized on 1%
agarose gels. Table 3 describes the amplicons of the second PCR.
Information on primer sequences of the first and second PCR are
given in Table 4.

Sequencing

In general Illumina technology was used for library preparation and
sequencing. All tissue-specifically tagged amplicons from a single
animal were pooled together. For each of these pools an animal-
specific indexed sequencing library was prepared using Illumina
TruSeq DNA PCR-free library preparation kit following the manu-

Table 1. Genomic positions of first untranslated exons and
CpG island

Genomic Positions

Exon 1, chr18:32,703,226-32,703,434
Exon 14 chr18:32,674,695-32,674,922
Exon 15 chr18:32,674,213-32,674,270
Exon le chr18:32,673,938-32,673,988
Exon 17 chr18:32,673,597-32,673,649
Exon Ig chr18:32,673,404-32,673,504
Exon 1o chr18:32,673,142-32,673,220
Exon 110 chr18:32,672,880-32,673,080
Exon 11, chr18:32,672,371-32,672,478
CpG island chr18:32,672,386-32,675,206

Genomic positions are from Rat Genome version: July 2014 (RGSC 6.0/
m6). GenBank accession BY 121883 and AJ271870 were used for the anno-
tation of exon 1, and exons 14_11, respectively. Note that Nr3c! is located on
the opposite strand of the reference genome sequence.
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Table 2. Tags used to label amplicon sequences according 2
to their tissue origin OF 9 ; .
Tag Tissue § é 5 % § %
B << B
ATG Cor, cortex 5|0 0SS 0
CAT Hip, hippocampus EYIEZEBER
CGA Hyp, hypothalamus C: g o jé 25 ;C 3
CTC Pit, pituitary £E|228E93
GAG Adr, adrenal 53 CEHEES
GGC Ski, skin “ElEEEDES
GTT Liv, liver é 8 E f:g 3 ﬁ
< < << <
Tags are added at the 5'-end of nested primers. 58 ;C Z:C ;C Z:C
CoEEIX
SEEEEE
facturer’s protocol with the exception that amplicons (around 500 ng) e
were directly introduced into end-repair skipping the fragmentation =5 o
step. The libraries where quantified and quality checked using the ve3 o
Agilent Bioanalyzer 2100 and the Agilent DNA 7500 Kit (Agilent SES &
Technologies). Next, libraries were pooled and sequenced using the 285883
Illumina MiSeq (2 X 300 cycles, paired-end mode). The read infor- 5= |0 § 2283
mation was extracted by MiSeq Control Software (MCS) v2.4.1.3 or E § % g ED E ED E
bel2fastq v2.16 (Illumina). This includes demultiplexing of reads oo SEHBE<COS
. . R, L Sl o<g<
based on the animal-specific Illumina indices and trimming of Illu- tslgsgEZss
mina adapter sequences. g2 SSHESE
O 0B H
Data Processing § Eo E % E % E
. Q OHH<C<gO
Sequence data were analyzed for quality control by FastQC. = DobegH
Demult}'plexir{g of reads based on tissue-specific PCR tags was § EEEREEER
done with an in-house script. Reads were filtered for the expected = o
lengths and the correct primer pair sequences. Only reads derived E Q
from molecules that were successfully sequenced in both forward > z )
and reverse direction were selected. Chimeras were excluded by oy =) —wowow | T
. . . . m ol N—0ownrn A< |2
filtering the read pairs for identical tags. Sequences have been N S R -
deposited at the European Nucleotide Archive under the Bioproject % 5 :
accession number PRJEB18949. ~ § z
Methylation determination was done using SEGEMEHL (50). S £ 2
Calculation of methylation frequency by SEGEMEHL is done as = ) o3 o
CpG/(CpG+TpG). Next, the data were corrected for partial deami- D B98Iz &
nation. Intrinsic CpT dinucleotides in the context of the motifs = SEIZTEI| G
TGTGGGTTCTATAGATATGA (amplicon Nr—29), TATTGGG- N SSSESES
TAGCTTTTAAGTTTT (Nr—01), TTTAGAGATTCTTATTAAA- Nl 5. 628eto|%
GGT (Nr—00), and AATGGCTGGTAT (IH-ICR) were selected N EGEEEEEEIN
. . SllEP|voEHOLgO |2
and used to search the data sample-wise. Nonconversion rate r = Sl 2T lEg8E=ES E
CpT/(CpT + TpT) was determined, then averaged for the four motifs 2 s é I5EE2392 =z
and finally applied in the sample data to correct methylation frequency for Q: &= IEEISS |8
incomplete deamination: MFco.r = (MF — 1)/(1 — 1) (67). i PERIIE |8
o SRR @
Statistical Analysis E ;::2 % E E % & g
L. . ~ <BH OO U | g,
Principal component analyses were performed on the combined N H<BHOOO | g
methylation data for all analyzed Nr3cI CpGs together and for each of § o2 <
the six amplicons separately. These were performed on CpG-wise = SE 2 ¢
E EEPEIE
< |53
. o EEEEEELE
Table 3. Nr3cl and Igf2/HI19 ICR amplicons 3 EEEESS|®
3 o} O | ™
Amplicon CpGs, % § é ;ﬂ % 3 % % ﬁ e
Amplicon Target Size, bp Genomic Positions n 8 ; 8 ?g E g g E:::D % ;,')
= I<IR7Z]
Nr—29 Exon 1, 223 Chrl8: 32,703,429-32,703,207 4 S| EE|SESESS §
Nr—01 5-end of CGI 176  Chrl8: 32,675231-32,675,056 11 A EEEEL S
Nr—00 Center of CGI 199 Chrl18: 32,673,819-32,673,621 17 “ EBEERE =R
Nr+01  3’-CGI Shore 251 Chrl18: 32,672,137-32,671,887 6 $ SRR :CE =18
Nr+02  3’-CGI Shore 290 Chr18: 32,671,188-32,670,899 5 § : SEEQD §
IH-ICR  Igf2/HI19 ICR 148 Chrl: 215,749,356-215,749,209 6 Q‘: = f:v: B % 35 g
. - . . Zdocoo| 2
Genomic positions taken from Rat Genome version: July 2014 (RGSC <t - aé
6.0/rn6). Amplicon size: for information on primer sequences see supplemen- ) § _dz83s8 6 b=
tary material. Note that Nr3c/ is located on the opposite strand of the reference —g g LI+t E &
genome sequence. ICR, imprinting control region. = |z zzzz=
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centered methylation data. The first and the second principal compo-
nent are shown.

Pairwise correlation analyses were conducted between all samples
on the combined methylation data of all analyzed CpGs separately for
Nr3cl and Igf2/HI19 ICR (Pearson correlation). The resulting corre-
lation matrix includes the methylation data of all samples.

The amplicon-specific methylation profiles were analyzed in a
comparative regression analysis (15). They were modeled in two
different ways. A global regression model was fitted to all available
data per amplicon. It was compared with a pair of group-wise models
fitted to the data of the respective groups. The significance of a
difference between the two groups was determined by a comparison
of the least square errors of the global model and the pair of individual
models (F-test) (37, 46). The results were corrected for multiple
testing via the false discovery rate (FDR) method and the threshold for
statistical significance was set at FDR <0.05.

Individual models were chosen according to the Akaike informa-
tion criterion (2). They were selected from a set of 10 predefined
model types. The CuCompare software is available at http://sysbio.
uni-ulm.de/soft/CuCompare.

The comparative regression analysis is designed for testing two-
sided hypotheses. That is, it basically indicates the significance of the
difference between the group-wise regression models but not an
overall tendency of the group-wise methylation rates (e.g., higher/
lower methylation in group A than in group B). We extract this
information from a CpG-wise comparison of the resulting regression
models. It is quantified in form of a score S

S = (Ny—Np)/(Ny + Np).

Here Ny and Np denote the number of CpGs for which the
regression model of group A or B achieve a higher methylation rate
than the other group. A value of S =1 indicates that the model of
group A predicts a higher methylation rate than the model of group B
for each of the CpGs in the amplicon. For § = —1, lower methylation
rates are predicted for all CpGs of group A.

All statistical analyses were performed in R, version 3.3.1 (54).

Transcriptome Data Mining

Liv and Ski samples were obtained from 6 (n = 4) and 24 (n = 5)
mo old male rats. All animals were housed and euthanized in com-
pliance with national and state regulations. Purification of RNA was
done using Qiagen RNeasy Mini Kit. RNA-Seq was performed using
Illumina HiSeq 2500 with 50 nt single read technology and a sequenc-
ing depth of at least 20 million reads/sample. Reads were aligned
against the RefSeq mRNA catalog using bwa aln (-n2 -0 0 -e 0 -O
1000 -E 1,000) (32). P values for differential expression of genes were
determined with DESeq2 (39). As the expression of only three genes
was considered, nominal P values were used for data interpretation.
The RNA-Seq data have been deposited at the Gene Expression
Omnibus (GEO) database under the SuperSeries accession number
GSE103066.

RESULTS
BS Amplicon Sequencing

The rat Nr3cl promoter structure comprises a distal and a
proximal promoter region, positioned ~30 and 5 kb upstream
of the translational start site in exon 2, respectively (44, 61). At
least one distal and eight proximal untranslated first exons have
been annotated. The eight first exons 14_;; in the proximal
region lie within a CGI that spans ~3 kb. We analyzed five loci
(amplicons) along the promoter (Fig. 1). They are named
according to their distance from the center of the CGI: Nr—29,
Nr—01, and Nr—00 (29, 1, and O kb upstream); Nr+01 and
Nr+02 (1 and 2 kb downstream). The Igf2/H19 ICR amplicon
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is named IH-ICR. Table 3 shows detailed specification of all
amplicons. Altogether we determined the methylation of 49
CpGs.

BS Amplicon-seq was performed for seven tissues (Cor,
Hip, Hyp, Pit, Adr, Ski, Liv) in eight males and eight females
at each of three age points (3, 9, and 24 mo). On average
2,565,327 (1,121,385—-4,986,664) total reads were obtained per
animal. From these, 37.1% (22.3-45.8%) met the filtering
criteria (see MATERIALS AND METHODS). Read numbers analyzed
per amplicon and sample have a median of 21,236 (1,181-
228,071, Fig. 2).

Methylation is Locus and Tissue Specific

Figure 3 provides an overview of the observed methylation
patterns and indicates a complex interplay of amplicon-, tis-
sue-, sex-, and age-specific effects. Most obviously, the am-
plicons showed different levels of methylation. Average
methyl CpG rates were very high (0.8-0.96) for Nr—29.
Nr—01 located at the 5'-end of CGI has decreasing methyl-
ation rates from CpG 1 to 11 (0.19-0.0). Nr—00 CpGs located
at core of the CGI showed very low CpG methylation rates;
among these, CpGs 9 and 11 showed highest methylation
(0.0-0.03 and 0.02—0.05, respectively). Amplicons located at
the 3’-shore of the CGI showed increasing methylation rates
with increasing distance away from the CGI (Nr+01: 0.0-0.4;
Nr+02: 0.07-0.93). IH-ICR a locus where both a highly
methylated and an unmethylated allele can be expected has
methylation rates of 0.3—0.49. The overview of the methyl-
ation patterns in these loci provides the first evidence for tissue
specificity: e.g., methylation at Nr+01/+02 in Pit and Adr are
higher than in the other tissues (Fig. 3).

To examine the tissue specificity of the methylation patterns
of Nr3cl and IH-ICR in more detail, we performed principal
component analyses. It showed that tissue-specific methylation
of Nr3cl explains most of the methylation variation between
samples (Fig. 4A). A “hierarchical” order can be observed for
brain tissues and tissues composing the HPA axis (Cor-Hip-
Hyp-Pit-Adr) along principal component 1 (abscissa). At the
level of single amplicons, tissue specificity was most pro-
nounced at Nr+01/+02 (3'-CGI shore, Fig. 5, D and E) and
absent at Nr—00 (CGI core, Fig. 5C) and IH-ICR (Fig. 5F).
Minor tissue specificity was found at Nr—29 (skin vs. remain-

© !
=]
7?
)
L)
2]
—
o
Ko}
S
=) ?_ '
z % :
T v H
© H
3 s
o :
P :
3 PR S
7?
)

Fig. 2. Number of reads analyzed per sample. The boxplot shows the median,
2nd/3rd quartiles (box), and minimum/maximum (whiskers).
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Fig. 3. Overview of the identified methylation
patterns of the Nr3cl and Igf2/H19 imprinting
control region (ICR) amplicons with respect to
tissue, sex, and age. Main columns, age [in
months (M)]; subcolumns, CpGs; rows, tissues
(Cor, cortex; Hip, hippocampus; Hyp, hypothal-
amus; Pit, pituitary; Adr, adrenal cortex; Ski,
skin; Liv, liver); cell color, methylation rate of
single CpG (mean of 8 rats). Note that color
scales are amplicon specific. Numbering of
CpGs is shown in the left main column.
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ing tissues, Fig. 5A) and Nr—01 (Adr, Ski, and Liv vs. brain
tissues; Figs. 3 and 5B).

Pairwise correlation analysis of methylation levels of the
individual CpGs between all samples confirmed the tissue
specificity at Nr3cl and its absence at IH-ICR (Fig. 4B). The
correlation of methylation levels within and between tissues
was in general considerably higher for Nr3c/ than IH-ICR
(median: 0.96 vs. 0.87; P < 0.001, Wilcoxon rank test),
indicating higher plasticity and stochastic fluctuations of
methylation at this ICR. Moreover, correlation significantly
decreased with age at both loci (Fig. 4, C and D), consistent
with an accumulation of noise over time. Pairwise correla-
tions between tissues at Nr3cl (Fig. 4B) were highest among
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Nr-29 4 CpGs Males
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Nr-00 17 CpGs
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0.395

0.300
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Pit and Adr (median: 0.99) as well as among Cor, Hip, Hyp,
and Ski (median: 0.98). The latter indicates that Ski meth-
ylation, as a readily accessible tissue, may serve as proxy for
Nr3cl methylation in brain tissues. Within the same animal
the correlation between Cor, Hip, Hyp, and Ski was even
higher (median: 0.99, Fig. 4E). Among the individual Nr3cl
amplicons Nr+01 showed the highest correlation (Figs. 4F
and 6).

Sex-specific Methylation Changes during Aging

The principal component analyses also provided the first
evidence for a sex-specific methylation as Pit and Adr show a
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tendency for separation of male and female samples (Figs. 44
and 5D). To further assess sex-specific differences in methyl-
ation patterns, we performed CuCompare analyses (males vs.
females) for each amplicon per tissue and age group (126
comparisons) (Fig. 7). Over all tissues and amplicons, 12, 21,
and 10 significant differences (FDR <0.05) were observed at
3,9, and 24 mo, respectively (Fig. 7, A and B). In both Nr3cl
and IH-ICR loci, sex specificity appears at all ages but peaks at
9 mo (Fig. 7C, Table 5). The fewest sex differences were
observed at 24 mo for IH-ICR.

In Nr3cl, sex-specific methylation occurred in all tissue in at
least two amplicons and one time point (Fig. 7A). Most sex
differences were observed in Pit, where, except for Nr—00, all
loci showed sex specificity in 10 out of 12 comparisons.
Remarkably, Nr—29 methylation levels were consistently
greater in males than in females over the entire lifespan, while
Nr+01 showed the opposite relation between sexes. A direc-
tion change of the methylation difference was observed at
Nr—29 in Adr: at 3 mo, methylation levels in females were
greater than in males, while at 9 and 24 mo, levels in females

were less than in males (Fig. 7A and Supplemental Fig. S1A)
due to hypomethylation in females at 24 mo (Supplemental
Fig. S2A) and hypermethylation in males at 9 mo (Supplemen-
tal Fig. S3A). (The online version of this article contains
supplemental material.)

For the IH-ICR, methylation of Hip, Adr, and Ski was higher
in males than in females at 3 mo (Fig. 7A). This direction of the
sex-specific difference changed with age. At 9 mo, the meth-
ylation level of all tissues was higher in females than in males.
At 24 mo, only Hip maintained the 9 mo sex specificity, while
all other tissues showed no significant sex-specific methylation
differences.

As we observed age-dependent sex-specific methylation, we
analyzed methylation changes with age separately by sex (Fig.
8). Pairwise CuCompare tests between time points for each
tissue/amplicon showed sex-specific methylation changes dur-
ing aging in most gene loci and tissues. The Nr3cl mostly
showed hypermethylation of Nr—01 and Nr—00, located in the
CGI, while amplicons located outside of the CGI became
largely hypomethylated with age (Fig. 8, A and B). The latter
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was more prominent in females. Only in eight out of 35
comparisons between time points similar methylation changes
occurred in both sexes: Nr+02 (Liv) showed continuous hy-
pomethylation over the lifespan; Nr+01 (Hip) and Nr+02 (Cor
and Adr) hypomethylation after 9 mo; Nr—29 (Cor and Ski),
Nr—01 (Hyp), and Nr+01 (Cor) showed no age-related meth-
ylation changes.

The Igf2/H19 ICR became predominantly hypomethylated
during aging. This was more pronounced in males than in
females (Fig. 8, Table 6). Males showed a continuous decrease
in methylation with age in all tissues after 3 mo except in Hyp
and Pit, which showed a decrease only after 9 mo. Methylation
in females decreased in Cor, Pit, and Adr after 9 mo. In Hip,
Hyp, Ski, and Liv it followed a peak-shaped curve during aging
as methylation levels were highest at 9 mo.

Methylation and Transcript Level Changes during Aging
are Associated

To get an initial idea whether the observed significant
changes of methylation levels during aging can be mecha-

Adr Liv

nistically linked to respective changes at the transcript level,
we mined transcriptome data of Liv and Ski of 6 and 24 mo
old male rats for Nr3cl, Igf2, and HI9 expression. These
data indicate that the expression levels as well as their
changes during aging are highly gene and tissue specific
(Table 7).

Remarkably, Nr3cl transcript levels in Ski increase signif-
icantly with age (P = 0.03, DESeq2), in line with a highly
significant hypomethylation of Nr+02 over the lifespan (Fig.
8). On the other hand, in liver, the H19 vs. Igf2 expression ratio
significantly increases (P < 0.02, Wilcoxon rank sum test), in
parallel to the highly significant hypomethylation of IH-ICR
during aging (Fig. 8).

DISCUSSION

The specific methylation patterns of NR3CI and IGF2/HI9
ICR and their changes over the lifespan are of particular
interest since these genes are prone to epigenetic modifications
and they are important in the control of development, aging
and disease processes. As DNA methylation is variable and
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Fig. 7. Sex-specific methylation of Nr3cI and IH-ICR amplicons. A: heat map of sex differences. Columns, amplicons age-wise; rows, tissues (Cor, cortex; Hip,
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CuCompare plots for the methylation rate of the Nr—01 amplicon obtained from the pituitary at all 3 ages. C: fractions of tests exhibiting significant methylation
differences for the 3 ages (Table 5). *P < 0.05, **P < 0.01, ***P < 0.001; false discovery rate (FDR) by CuCompare analysis. M, months.

dependent on a variety of factors, many human and animal
studies focusing on these loci in different tissues, sexes, and
ages may not be comparable.

To provide a comprehensive base for future experimental
studies in rats as an established model organism, we charac-
terized DNA methylation patterns of different Nr3cl promoters
and Igf2/H19 ICR in seven tissues and at three age points.
Since in humans most tissues such as brain are not readily
accessible and proxy materials have to be analyzed instead, we
investigated in particular whether there is correlation of meth-
ylation between tissues in the rat.

Table 5. Methylation differences between sexes

Amplicons
Nr3cl Igf2/HI19 ICR
Age, mo  Nr—29 r—01 r—00 Nr+0l1 Nr+02 Total* IH-ICR*
3 2 3 2 1 1 9 3
9 2 2 1 5 4 14 7
24 3 2 1 1 2 9 1

Numbers of significant CuCompare tests (FDR <0.05) between sexes were
summarized over all tissues per amplicon and age (Fig. 7A, Supplemental Fig.
S1). *Numeric basis for histogram Fig. 7C.

Methylation of Nr3cl

In agreement with general methylation patterns in humans
(16), we found that rat Nr3cl shows high methylation levels at
shores of the CGI and the distal promoter, while low levels
occur within the island. The methylation analysis of this gene
is particular demanding, as its promoter structure in mammals
is highly complex, although conserved between humans and
rats (62). Most DNA methylation studies of rat Nr3cl have
focused on the exon 17 promoter homologous to 1F in human.
Only a few studies have looked at other human promoters in
the CGI such as 1B, IC, 1D, IE, and IH (11, 51, 63). Our study
is the first analysis of DNA methylation in the Nr3c/ exon 1,
exon l4 promoter at the 5’-end of the CGI and at the 3'-CGI
shore of the rat.

Tissue specificity. DNA methylation levels vary among tis-
sues especially at non-CGI regions of the genome (36). We
observed that tissue-specific methylation in Nr3cl is most
pronounced at the 3’'-CGI shore where methylation levels were
high (Figs. 4A and 5). The importance of CGI shores for health
and disease is recently becoming clearer; Irizarry et al. (24)
showed that tissue-specific methylation mostly occurs there
and not within CGIs, and methylation changes in colon cancer
accumulate commonly there. In agreement with this study,
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Nr—00 located at the core of the CGI lacks tissue-specific
methylation (Fig. 5C). It also showed lowest methylation levels
among all amplicons in all tissues in accordance with previous
knowledge that CGIs are usually hypomethylated (16). Meth-
ylation of Nr—01 at the 5'-end of the CGI and Nr—29 at the
distal promoter showed minor tissue specificity (Figs. 3 and 5,
A and B). Strikingly, CpGs 1-4 and 7 in NR—O0I are more
highly methylated in nonbrain tissues (Adr, Ski, and Liv) than
in brain tissues (Fig. 3). CpGs 1-4 are closest to the 5'-end of
the CGI; the 1st CpG of Nr—01 marks the 5'-end of the CGI.
At the distal promoter (Nr—29) Ski showed lowest methylation
levels compared with other tissues (Fig. 3).

Our finding that methylation of Nr3cl correlated highly in
skin and brain tissues including Hip and Hyp, which are the
central parts of the HPA axis, is of particular interest. Skin
biopsies are easily accessible in humans. Further studies are
required to show whether epigenetic modifications in the skin
may serve as proxy for assessment of vulnerability to stress-
and aging-associated diseases. In this context it seems worth-
while to refer to a number of studies correlating in humans
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NR3CI methylation changes in blood mononuclear cells with
depression (8).

Sex specificity. Various studies have shown genome-wide
DNA methylation differences between sexes (34, 43). With
respect to the NR3CI promoter and IGF2/HI19 ICR, sex-
specific methylation changes were reported for infants in re-
sponse to prenatal stress exposure (42, 49). Moreover, in 4 mo
old offspring from mice exposed to several prenatal stressors,
a correlation of sex-specific Nr3cI methylation and expression
was shown (47). However, no study has investigated sex-
specific methylation changes of the NR3CI promoter and
IGF2/HI19 ICR during aging. We found, at both loci, sex
specificity of methylation in all investigated rat tissues for at
least one time point, which peaked at 9 mo. This correlates
with the differential expression pattern of sex hormones during
the lifetime: rising from puberty, being most pronounced at
adolescence, and declining with aging (3, 10, 20). Depending
on the locus and tissue, we observed losses, gains, and the
inversion of sex-specific methylation during aging. These com-
plex sex-specific trajectories of methylation during develop-
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Table 6. Methylation differences between ages

Amplicons

Nr3cl Igf2/H19 ICR

Age Comparison,

pairwise Nr—29 Nr—01 Nr—00 Nr+01 Nr+02 Total* IH-ICR*
Female
3 vs. 9 mo 1 4 4 5 3 17 4
9 vs. 24 mo 3 2 1 5 6 17 7
3 vs. 24 mo 5 3 1 3 6 18 4
Male
3 vs. 9 mo 1 2 1 3 3 10 5
9 vs. 24 mo 2 1 1 3 6 13 7
3 vs. 24 mo 1 2 0 5 7 15 7

Numbers of significant pairwise CuCompare tests (FDR <0.05) between
ages were summarized over all tissues per amplicon and sex (Fig. 8, A and B;
Supplemental Figs. S2 and S3). *Numeric basis for histogram Fig. 8, C and D.

ment and aging need to be considered for the design, interpre-
tation, and comparison of experimental and clinical studies.

Among all amplicons and tissues only Nr—29 (exon 1;) and
Nr+01 (3'-CGI shore) in Pit showed a continuous sex-specific
methylation difference at the 3-24 mo time period. The meth-
ylation was higher at Nr—29 in males and at Nr+01 in females
(Fig. 7A and Supplemental Fig. S1, A and D). This may
indicate that in Pit a subset of neuroendocrine cells related to
HPA axis function stably utilizes the complex Nr3cl promoter
in a sex-specific manner.

Age specificity. In all tissues regardless of sex, we observed
a general tendency of decreasing methylation levels at Nr3cl
with age. This observation is consistent with studies showing
that DNA methylation decreases in aging (1, 65). Genome-
wide studies confirming the general hypomethylation during
aging have shown, however, that hypermethylation occurs at
CpGs located within CGIs (22, 25, 26). We also observed that
hypermethylation during aging occurred more often in Nr—01
and Nr—00 located within CGI, while a high incidence of
hypomethylation was observed mostly at the 3'-CGI shore
amplicons (Nr+01 and Nr+02) and the Nr—29 amplicon. In
agreement with previous studies (12, 40), age-related methyl-
ation changes were not only tissue specific but also locus
specific. By analyzing six amplicons along the promoter of
Nr3cl in seven tissues, we observed that both sexes only have
few similar age-specific methylation changes: continuous hy-
pomethylation in Nr+02 (Liv) and hypomethylation after 9 mo
in Nr+01 (Hip), Nr+02 (Cor and Adr), and IH-ICR (Pit).
Moreover in both sexes methylation remained unchanged over
the lifespan at Nr—29 (Cor and Ski), Nr—01 (Hyp), and

DNA METHYLATION OF RAT Nr3cl PROMOTER AND Igf2/HI19 ICR

Nr+01 (Cor). In contrast, the remaining loci/tissues showed
methylation changes during aging that were sex specific.

With respect to Nr3cl expression, a global study showed
that high methylation of CGI shores is associated with high
gene expression (16). Whether the aging-related hypomethy-
lation observed at the Nr3cl shore affects expression is a
question for future studies. It will also be interesting to see
whether the expression of the alternative first exons of Nr3cl
is differently or concordantly affected by methylation changes
at the CGI shores. In relation to glucocorticoid receptor ex-
pression in tissues during aging, studies from the literature are
contradictory. Earlier studies showed that glucocorticoid re-
ceptor expression declines with aging in different tissues of rat
and human (7). Similarly, another study found that Nr3cl
mRNA was decreased in the Hip of aged rats (21). In contrast,
NR3CI mRNA was increased in human prefrontal cortex but
not in Hip during adolescence and adulthood compared with
infancy and older age (52). The complexity of the NR3CI
expression is most likely related to the fact that it has multiple
first exons that can be utilized differentially among tissues and
over time (53, 62). Further studies of the NR3C1 expression are
needed to better understand the role of the glucocorticoid
receptor in aging.

As a step in this direction, we observed in male rat Ski an
association of Nr+02 hypomethylation and increased Nr3cl
transcript levels during aging. Mechanistically, this would fit
the scientific consensus of an anticorrelation between promoter
methylation and expression (27). The fact that in Liv a similar
Nr+02 hypomethylation was not accompanied by Nr3cl tran-
script levels remained constant again emphasizes the complex-
ity of the Nr3cl expression mentioned above and the need for
further investigations.

Methylation of Igf2/HI19 ICR

The Igf2/H19 ICR did not show tissue-specific DNA meth-
ylation, but similar to Nr3cl, we found sex- and age-specific
patterns. Opposite to Nr3cl, hypomethylation with age was
more prominent in males than in females. The latter displayed
a peak-shaped methylation curve during aging in Hip, Hyp,
Ski, and Liv. Males showed a continuous decrease in meth-
ylation levels in Cor, Hip, Adr, Ski, and Liv. Altogether,
Igf2/HI9 ICR methylation levels declined from 9 to 24 mo
in all tissues of both sexes. There is evidence indicating that
hypomethylation of the Igf2/H19 locus, which leads to
downregulation of /gf2 and upregulation of H/9 expression,
plays an important role in regulating quiescence of pluripo-
tent stem cells in adult organisms and may be involved in

Table 7. Transcript level changes of Nr3cl, Igf2, and H19 during aging in male rat liver and skin

Liver Skin
RPKM HIER RPKM HIER
6 mo 24 mo TLC P 6 mo 24 mo P 6 mo 24 mo TLC P 6 mo 24 mo P
Nr3cl 23.17 18.02 —0.36 0.27 23.32 36.54 0.65 0.03
Igf2 0.34 0.33 —0.06 0.96 2.16 5.95 0.02 4.02 7.21 0.85 0.04 126.45 116.47 1
HI9 0.74 1.96 1.40 2 X 107° 499.84 958.21 0.94 0.13

Reads per transcript kb and million reads (RPKM) are means across replicates. Transcript level changes (TLC) are log 2(24 mo/6 mo). TLC nominal P value
were obtained by DESeq2. H19 vs. Igf2 expression ratio (HIER) is the mean of the ratios calculated for each animal separately. P values for HIER differences

between 6 and 24 mo were obtained by Wilcoxon rank sum test.
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the regulation of lifespan. In contrast, hypermethylation of
this locus results in Igf2 overexpression and is observed in
several malignancies (55).

Mechanistically, the observed association of IH-ICR hy-
pomethylation and increased H19/Igf2 expression ratio during
aging in male rat Liv fits the scientific consensus of the role of
this element as a DNA methylation-dependent enhancer-block-
ing insulator (5). The fact that a similar shift of the expression
ratio was not seen in Ski despite hypomethylation of IH-ICR
indicates tissue-dependent differences in the regulation of the
two genes, consistent with the high tissue specificity of their
expression observed by us and others (https://www.ebi.ac.uk/
gxa).

In conclusion, our study characterizes the DNA methylation
changes that take place during aging in rats by using a locus-
specific BS Amplicon-seq approach in multiple tissues for
Nr3cl promoter and Igf2/HI9 ICR. Our results provide a
reference for further studies on the role of DNA methylation of
the two loci in aging and disease.
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